By the use of appropriate experimental methods processes of various kinds of cellular injury during freezing and thawing were demonstrated in the egg cell of the sea urchin.
Introduction
A number of theories have been set forth concerning the mechanism of freezing injury in living cells. It is also well known that there are clear discrepancies between the hypotheses of freezing injury offered by botanists and those offered by zoologists or medical biologists. There is, however, no reason to believe that the cause of freezing injury is quite the same in most of the living cells. The main cause of freezing injury in a variety of organisms may probably be different depending on the characters of the cells. Besides, even in the same cell, freezing injury may possibly occur in various different ways.
Fortunately the egg cell of the sea urchin is one of the best materials to observe the processes of various kinds of injury during freezing and thawing. The purpose of the present paper is to demonstrate the occurrence of several types of freezing injury in sea urchin egg cells in the hope that some discrepancies between the contradictory * Contribution No. 783 from the Institute of Low Temperature Science. theories on the mechanisms of freezing injury which have been presented so far by some cryobiologists may be elucidated.
In the following observation unfertilized egg cells of the sea urchin, Strongyrocentrotus nudus were generally used as material, unless otherwise specifically stated.
I. Supercooling
In most cases, supercooling of living organisms brings about no harmful effect unless the period of cooling is prolonged. Even for a period as long as one hundred days or more some overwintering invertebrate animals can survive supercooling. A certain type of protoplasm of animal or plant especially in a very active stage of growth, however, is highly susceptible to low temperature itself. The egg cells of the sea urchin are also one of the good examples of such susceptible forms, although they are relatively resistant to cooling at nearzero temperatures. A small amount of egg cell suspension in sea water covered with paraffin oil were placed in a test tube or in a hollow slide glass. The egg cell suspension prepared in this manner can be safely kept at -lOoe for a few days without spontaneous freezing.
The supercooled egg cells survived normally for a few hours at -10°C and after rewarming they commenced to develope following insemination. After one day at -lOoe, however, all of them were irreversibly injured without any remarkable change in appearance. Almost all of them remained intacJ but failed to develop with remarkable bubble formation after insemination (Fig. 1) . The formation of bubbles or blisters observed in supercooled sea urchin egg cells is entirely similar in every respect to that observed in the plasmodium of a slime mold, Physarum polycepharum, at nearzero temperatures as reported by Gehenio and Luyet (1939) . Bubble formation or blistering may perhaps be a common process of cold injury in various living cells susceptible to cooling. It is of interest to note that only exposure of egg cells to a low temperature for a short time is as dangerous as extracellular freezing at least at -lOoe (Table 1) . 
II. Intracellular Freezing

Process of injury.
Intracellular freezing has proved fatal in various living cells except in the case of extremely rapid cooling (Asahina, 1965) . In sea urchin egg cells an appreciable formation of intracellular ice, so far as observed under a microscope, was invariably lethal. Very rapidly frozen egg cells were sometimes observed to be as transparent as intact cells, but they soon became intensely dark at temperatures above -30°C as a result of the formation of very fine ice crystals throughout the cell.
The most common type of intracellular freezing in sea urchin egg cells is the socalled flashing (Luyet and Gibbs, 1937; Asahina, 1953) or "black out". Flashing usually takes place independently in each cell when the egg cells are cooled somewhat rapidly with extracellular ice. at temperatures between -8 and -30°C. On flashing the cell becomes instantaneously opaque and dark shortly after it was covered with extracellular ice (Fig. 2) . The instant darkening of the freezing cell is reasonably explained to be the result of very rapid formation of numerous fine ice crystals, which are so minute that all the transmitted light is scattered, throughout the entire cell. Cells so frozen never contracted and the fine intracellular ice crystals were readily fused into larger ice masses at least at temperatures above -25°C. In the process of flashing, intracellular ice sometimes appeared to grow as very fine dendritic crystals and then they were divided into numerous small ice particles which became larger in size and smaller in number depending on the temperature they were exposed to. After thawing from Asahina, 1965) flashing for a few minutes at temperatures around -lOoe, egg cells appeared dark and granular, showing a characteristic pattern of coagulated protoplasm (Fig. 2 D) .
In normal sea water a spontaneous ice seeding into an egg cell by extracellular ice showing a remarkable vacuole formation throughout the cell swollen cytoplasm followed within several minutes (Fig. 3) . Formation of rosette-type ice crystals were sometimes observed inside the egg cells after partial dehydration by extracellular freezing at -lOoC, perhaps by a spontaneous ice seeding from outside ice. In such a case, the ice slowly grew from one or a few points as irregular rosette crystals, and usually did not fill the entire cell. Upon thawing, however, these cells became remarkably dark following the disappearance of intracellular ice crystals, showing the characteristic granulous protoplasmic pattern of dark cytolysis (Heilbrunn, 1928) . When these frozen cells were kept at a temperature of about -lOoC, intracellular ice crystals decreased in size and the darkening of the protoplasm slowly proceeded.
Cause of injury.
Judging from the process of cytolysis following vacuolization immediately ahead of the growing ice heads inside the cell, the main cause of injury in egg cells intracellularly frozen at very high subfreezing temperatures may assumably be a mechanical stress. This may be also the case of intracellularly frozen cells after partial dehydration by extracellular freezing at -10°C. In spite of the fact that extracellular fre"ezing egg cells of St. nudus is entirely harmless at -lOoC at least for one hour (Table 3) , intracellularly frozen cells were invariably killed regardless of the amount of ice formed within the cell or of the length of freezing period. In the case of the intracellularly frozen cells in which a small amount of ice formed, darkening of protoplasm at the time of rewarming were sometimes observed to spread from the site where intracellular ice crystal was formed. It is well known that the precipitation reaction inside a living cell is very apt to spread throughout the entire cell, even when the original injury occurred only at a small limited site in the cell (Hg.ilbrunn, 1928) .
Since flashing is a very rapid formation of numerous fine ice crystals of invisible size in every locus among the fine architecture of protoplasm, mechanical stress accompanied by a very rapid and strong dehydration from fully hydrated protoplasmic systems may reasonably be a main factor of injury. A possible cause of denaturation of protoplasm may be a drastic alternation of the interaction between water and protoplasmic protein, although the nature of change in water structure around protoplasmic protein by freezing is still uncertain.
Factors to prevent intracellular freezing. It was suggested in a previous paper (Asahina, 1961) that the main cause of freezing injury in a rapidly cooled egg cells was intracellular freezing, and that the initiation of such an intracellular freezing could be explained as a result of inoculation from the outside with ice crystals at least at a moderately low temperature. In fact, without any presence of outside ice crystals being in contact with cell surface, the egg cells can be safely kept unfrozen at -lOoC fora few days (Table 1) , and even at temperatures between -15 and -20°C at least for several minutes (Asahina, unpublished) . In these egg cells, however, ice seeding into the surrounding sea water was easily followed by intracellular freezing even at a temperature, as high as -8°C (Asahina, 1953) . It is therefore, reasonable to assume that intracellular freezing in the egg cells at moderately low temperatures is not introduced by a spontaneous freezing of the intracellular water, but by an inoculation with extracellular ice crystals.
It has been known that the surface protoplasmic layer is a sufficient barrier to prevent the transmission of freezing into the supercooled cell interior (Chambers and Hale, 1932) . It is also well known that water in gelatin gel is very difficult to freeze (Moran, 1926) . Luyet and Rapatz (1958) revealed that ice crystals formed within gelatin gel of 50 percent in concentration, scarcely developed at temperatures above -15°C.
On the other hand, the surface layer of a living cell has been believed to be a gel layer. In the egg cell of the sea urchin, Hemicentrotus pulcherrimus, the thickness of the surface gel layer was estimated to be 3 p. in unfertilized egg and 4 p. in fertilized egg immediately before the first cleavage (Hiramoto, 1957) . These observations mentioned above suggest that a decrease in cooling rate at the cell surface will be effective in preventing the ice seeding into the cell. The results presented in Table 2 may support this view. Fertilized egg cells were highly resistant to both rapid and slow freezing, while nearly all of the unfertilized egg cells could not withstand rapid freezing, although they, too, could survive slow freezing. Unfertilized egg cells treated with 1 M urea solution, however, showed a significant increase in resistance capacity to rapid freezing. On the other hand, fertilized egg cells are well known to be more permeable to water than unfertilized egg cells (Lillie, 1916; Ishikawa, 1954) . However, when previously treated with 1 M urea solution, unfertilized egg cells, too, exhibited a high permeability to water. The high resistance to rapid freezing noted in fertilized egg cells seems to be not due to the existence of the fertilization membrane or the hyaline plasma layer both of which were formed entirely covering the cell on fertilization. This can be said because fertilized egg cells denuded by a treatment with Ca-free sea water showed nearly the same resistance as intact fertilized egg cells to rapid freezing. At the same time when they were frozen with Ca-rich sea water, both fertilized and unfertilized egg cells remarkably lost their resistant capacity to rapid freezing (Table 2) . A well known effect of Ca-rich solution on sea urchin egg cells is to make the protoplasmic surface stiff (Heilbrunn, 1928) . The freezing process in these egg cells in sea water was observed under a special refrigerated microscope . Soon after they were surrounded by ice masses, unfertilized egg cells were very liable to undergo fatal intracellular freezing provided they were rapidly cooled; but when cooled slowly, they never froze intracellularly, instead, they underwent a marked contraction resulting from extracellular freezing. Even in such a contracted state, the form of the unfertilized egg cells was not remarkably changed, being as a rule, nearly spherical (Fig. 4 A) . In fertilized eggs, on the other hand, no intracellular freezing was observed, even when they were rapidly cooled at a rate of about IOcC per minute. They always underwent extracellular freezing alone with a remarkable dehydration and contraction. Upon such a contraction, fertilized eggs, in contrast with the case of unfertilized ones, invariably changed their cell form into a very irregular or flattened shape (Fig. 4 A) . The freezing process in both unfertilized eggs treated with urea solution (Fig. 4 B) and fertilized eggs denuded in Ca-free sea water, was found to be almost the same as in normal fertilized eggs. Both fertilized and unfertilized egg cells in Ca-rich sea water, when rapidly cooled, easily froze intracellularly.
From all of the observations described above, the following assumption may be drawn. In extracellularly frozen cells the ice crystal on the cell surface withdraw water from the cell interior as the cooling proceeds because of the difference in chemical potential between the ice and supercooled water within the cells. The water withdrawn in this way successively crystallizes at the interface between the cell and surrounding ice until most of the easily freezable water at a given freezing temperature is lost from the cell. In these processes, if the cell surface is promptly cooled far below the freezing point of intracellular water at the moment, the water molecules within the protoplasmic cortical structure of the cell can be caused by a seeding with outside ice . outside through the fine cytoplasmic pores in of the cell.
to arrange themselves as an ice crystal In other words, ice can grow from the the cortical gel layer into the endoplasm Mazur assumed that the radius of pores in a cell membrane might well be a limiting factor for the penetration of ice into the cell (Mazur, 1960) . It seems however uncertain, as Mazur himself suggested later (1965) ,. as to whether the ability of surface protoplasmic layer to block ice penetration above certain temperatures has something to do with the size of capillary pores on cell surface or not, since such an ability is readily lowered by a rapid cooling even at a high subzero temperature. For example, in a freezing cell suspension at a cooling rate of about 10°C per minute, intracellular freezing was most frequently observed to occur under the microscope at temperatures just below -lOoe in unfertilized egg cells of St. nudus. However if they were under a supercooled condition at a constant temperature of about -SoC with a very small amount of sea water, an ice seeding onto the surrounding sea water film could easily cause intracellular freezing in these cells.
In any event, as long as the degree of supercooling of cell surface is kept small, the water within the surface protoplasmic gel leyer of the cell cannot crystallize and only the outside ice crystals grow. It follows, therefore, that the most effective factors . in a fertilized egg cell to prevent an intracellular freezing may certainly be a high permeability to water and a remarkable ability in the surface protoplasmic layer to deform. These two factors, by increasing the velocity of dehydration from the freezing cell can reduce the cooling rate at the cell surface where ice formation and therefore the liberation of latent heat successively occurs.
III. Extracellular Freezing
Nature of freezing injury. Extracellular freezing has generally been believed to be more dangerous than cooling alone to various organisms. The egg cells of the sea urchin, however, are rather resistant to extracellular freezing, although the capacity of such freezing resistance varies according to the species of the animal. For example, dangerous freezing temperatures at which fatal coagulation of the protoplasm takes place in unfertilized egg cells within a few hours are observed to be about -25 and -15°C in St. nudus and Hemicentrotus pulcherrimus respectively.
In extracellularIy freezing egg cells, injury usually increases as the period of time is lengthened. At a constant temperature of -lOoe, the rate of survival decreases rather rapidly within a full day of extracellular freezing in both fertilized and unfertilized egg cells, while the freezing injury at -20°C occurs more slowly in fertilized egg cells than in unfertilized ones (Table 3) . One of the well known causes of injury in extracellularly freezing cells may be the so-called salt injury. Indeed, a treatment with a high concentration of artificial sea water is remarkably injurious to the egg cells at subzero temperatures as well as at ordinary temperatures. An examination of the egg cells suspended in artificial sea water of various high salt concentrations revealed that the injury to the egg cells by these concentrated solutions occurred much more rapidly than freezing injury at the same temperature as the freezing point of each solution (Asahina, unpublished) . Since this kind of freezing injury requires rather a long time to cause appreciable damage to the egg cells, even susceptible cells to freezing can safely be cooled down to a certain low temperature, provided the rate of cooling is relatively high and the period of freezing is short. * ** A visible process of injury most frequently observed in extracellularly frozen egg cells is as follows. During a few hours of extracellular freezing at -20°C, a few of unfertilized egg cells of St. nudus became remarkably dark, but the other cells retained their original transparent color pattern in their protoplasm, although they were contracting remarkably (Fig. 5) . With a prolonged freezing period, the number of darkened cells increased, but the rate of the increase of darkened cell became progressively small. Some of these extracellularly freezing cells also became dark in the process of slow rewarming. In such a case darkening in a cell was frequently observed to begin slowly after the cell was warmed to about -lOoC; the darkening became gradually remarkable in the cell as the thawing proceeded. After the frozen cells had been warmed to about -5°C, no cells were newly found to become dark. Since these dark cells remained unchenged even after the frozen cell suspension had been completely thawed, the darkening of the protoplasm by no means suggests any intracellular ice formation in these cells, but it shows a typical coagulation of destroyed protoplasm,i. e. dark cytolysis (Heilbrunn, 1928) (Fig. 5) .
The fact that the darkening in extracellularly freezing cells takes place when they have been rewarmed to about -lOoC may provide evidence in favor of the sulfhydryl hypothesis for freezing injury presented by Levitt (1961) , because only at temperatures above _lOoC the fraction of liquid remarkably increases in the frozen sea water mass. Fertilized cells killed by extracellular freezing invariably show a characteristic pattern of swollen cytoplasm which is clearly different in appearance from the dark cytolysis described for unfertilized egg cells (Fig. 6 ). In addition to the process of injury mentioned above the other mode of freezing injury, which was not fatal immediately after thawing, was observed in unfertilized egg cells. Most of cells thawed after a few hours of extracellular freezing at -20 0 e remained as apparently intact cells. They were capable of completing the fertilization membrane following insemination; mitotic figures were observed in these cells within about 1 hour at 15°e; cleavage even took place in some cells, but all the cells failed to develop further to blastulae. They were all destroyed with remarkable blistering on the cell surface within 1 day after thawing.
The effect of low temperature itself may also reasonably be a cause of injury III extracellularly frozen egg cells, since supercooled egg cells are remarkably damaged within several hours without freezing (Table 1) . It is of interest to note that fertilized egg cells can survive freezing for a longer period of time at -20 0 e than at -lOoe, while unfertilized egg cells are damaged more readily at -20 c e than at -lOoe (Table 3 ).
This suggests that some hindrances in the metabolic process in egg cells may certainly be involved in the cause of injury in extracellularly frozen cells, since the rate of metabolism in fertilized egg cells has been well known to be remarkably higher than in unfertilized ones.
Increase in resistance capacity to extracellular freezing in egg cells at the time of fertilization.
As is clearly shown in Table 3 , cellular resistance to extracellular freezing is remarkably different between fertilized and unfertilized egg cells. At temperatures below -20°C, the freezing resistance in fertilized egg cells is much higher than that in unfertilized ones. It was demonstrated in a previous paper that such a high freezing resistance was instantly produced at the time of fertilization, reached a maximum within about 5 minutes after insemination, and then gradually decreased before the mitotic apparatus was formed in the cell (Fig. 7) (Asahina and Tanno, 1963) . It is of interest to note that even after only one minute from insemination the freezing resistance in the egg cell remarkably increases, because within this short period the cortical change is definitely known to occur. As mentioned before, the ability of the egg cell to prevent intracellular freezing also increases after the cortical change.
.E c: The nature of increasing resistance to freezing in fertilized egg cells is very characteristic in its instant occurrence within a few minutes. A well known process of frosthardening in natural organisms has been an increase of some protective substances, such as polyhydric alcohol or sugar (Salt, 1961; Sakai, 1962) . In the fertilized egg cells of the sea urchin, however, no appreciable increase in the amount of such small molecule substances was detected. It seems, therefore, that the process of frost-hardening in fertilized egg cells may involve structural changes in the protoplasmic protein. A remarkable change in the distribution of protein-bound SH groups in the sea urchin egg cell has been cytochemically found by Kawamura and Dan (1958) during the nrst cleavage; the stainability in egg cytoplasm promptly increases upon fertilization. The same staining method of a mercaptid-forming azodye as used by them was applied to the egg cells of St. nudus. As anticipated, the color intensity in cytoplasm was highest within about 10 minutes after insemination and then apparently decreased as the development proceeded (Asahina and Tanno, 1963) . However, quantitative studies on SH groups in sea urchin egg cells have revealed that immediately after fertilization the fluctuation in protein SH was very small (Kawamura, 1960) and that SH in total protein precipitated by HCI-acetone remained constant even up to the 2-cell stage (Sakai, 1960) . There is, however, no reason to believe that the net increase in SH concentration in total egg protein is necessary to increase cellular freezing resistance. Soine structural changes of protoplasmic protein in some component of cytoplasm may be a possible factor responsible for the enhancement of the resistance to freezing in the egg cell.
Freezing injury in relatively rapidly cooled cells.
As stated before, the freezing injury assumably brought about by a high concentration of salt solution requires a rather long time to produce an appreciable damage to extracellularly freezing cells. For example, extracellular freezing on unfertilized egg cells of Hemicentrotus purcherrimus became fatal within one hour at -15°C, but if cooled somewhat rapidly, they can survive freezing even at -25°C at least for one minute (Asahina, 1962 b) . Other mechanism of freezing injury may, therefore, be involved in the killing of extracellularly freezing cells which are being rapidly cooled. To examine the behavior of the cell at the time of rapid freezing, the egg cells of H. purcherrimus was used as material, since they, both fertilized and unfertilized, were proved to tolerate a rapid cooling rate of at least 20°C per minute without any formation of intracellular ice, perhaps because of their small size and the relatively high permeability to water. The data presented in Table 4 strongly suggests that the cause of injury in rapidly cooled egg cells in salt solutions may possibly be a drastic dehydration from the well hydrated protoplasmic surface of the freezing cells (Asahina, 1962 b) . When the egg cells were cooled to a temperature just below the eutectic point of the surrounding medium, except in the case of cells in sodium or calcium salt solutions, they were instantly destroyed at which time a prompt formation of a eutectic mixture was generally observed surrounding the egg cells under the microscope. In the solutions of sodium salts, on the other hand, the formation of eutectic mixture within a short period was found to be rather difficult at the eutectic temperature, but it did easily at a temperature about 10°C lower than the eutectic point. This is the reason why freezing cells in these solutions were killed at temperatures below eutectic points.
On the other hand if the egg cells were cooled to a temperature only a few degrees above the eutectic point and maintained at that temperature for 1 minute and then thawed, almost all of the cells escaped fatal injury (Table 4 ). This suggests that even an almost saturated salt solution is not so injurious to the freezing egg cells as to cause a fatal damage within a few minutes at least at temperatures above its eutectic point. Microscopic observation of the rapidly frozen egg cells with some single salt solutions revealed that the visible process of cellular injury is either rapid flashing of the whole * The percentage of survival is based on the number of cells resuming development following insemination ** Egg cells were rapidly cooled to the indicated temperatures within about 3 minutes and remained at the same temperatures for 1 minute and were then rapidly thawed cell in the potassium salt solutions or slow darkening of protoplasm at the time of rewarming in other salt solutions (Asahina, 1962 b) . From these observations it is reasonable to assume that freezing injury in the rapidly cooled cells in salt solutions may possibly be a destruction of protoplasmic structure of cell surface, perhaps by a very rapid change in the interaction between protoplasmic surface and surrounding water, since a complete removal of water from the contacting medium suddenly occurs at the time of the formation of eutectic mixture. The occurrence of flashing in the egg cells frozen in potassium salt solutions may be explained as follows. When the freezing egg cell suspension has been cooled to the eutectic point, cryohydrate begins to form in the frozen mass and comes in contact with a part of the surface of a cell where protoplasmic structure is instantly destroyed. This may result in a sudden flashing of the whole cell, since the cells suspended in potassium salt solutions have still a lot of easily freezable water within them even at the eutectic temperature of the medium, and intracellular seeding can, therefore, be easily achieved from the destroyed part of cell surface with outside ice crystals. In fact, when one of the salt crystals, which crystallized out from the frozen salt solution at the eutectic point, grew to the surface of an egg cell, a pronounced darkening due to the formation of very fine ice crystals rapidly spread over the whole cell from the spot touched by the salt crystal (Fig. 8) . On the other hand, solutions of sodium or magnesium salts have their eutectic points at temperatures around -20°C or below. In addition, as described before, a metastable state without cryohydrate formation in these frozen solution is easily attainable even at temperatures below their eutectic points. Therefore, the freezing egg cells in these solutions are severely dehydrated by extracellular freezing, but never undergo flashing, since they have hardly any freezable water inside the cell when they have been cooled down to the danger-point temperature. The freezing injury in the egg cells suspended III calcium chloride solution may be somewhat different in nature from that in other salt solutions, since the eutectic point is far lower than their danger-point temperature. A well known effect of calcium salt solution to make the protoplasmic surface stiff and brittle (Heilbrunn, 1928) , may perhaps be one of the causes of injury in these cells at the time of both rapid freezing and thawing. Injury caused by a rapid thawing. It has long been known that a rapid thawing from extracellular freezing is very injurious to some plant cells (Iljin, 1934; Levitt, 1956) , while the same procedure is usually better than slow thawing to obtain good survival in various kinds of animal cells (Smith, 1961) . Experimental results presented in Table 5 however, demonstrated that egg cells of the sea urchin also suffer serious injury by a rapid thawing. More than two thirds of the total number of egg cells were killed by a rapid thawing from an extracellular freezing at -20°C, while practically all the egg cells survived slow thawing. At a temperature range between -20 and -lOoC, rapid thawing was also harmful although the percentage of killed cells is rather small. When the egg cells frozen at -20°C were rewarmed slowly to -lOoC and then thawed rapidly, they suffered severe injury comparable to that in the egg cells rapidly thawed directly from -20°C. However after the egg cells had been slowly warmed to -5°C, rapid thawing was rather harmless to the frozen egg cells (Table 5 ). It is of interest or sometimes even an apparent burst of the cell itself during rapid thawing (Fig. 9) .
These results seem to suggest that the cause of injury by rapid thawing from extracellular freezing may perhaps be a mechanical damage in the surface protoplasmic layer brought about by a rapid expansion or swelling of the cell at the time of rapid thawing.
The fact that at temperatures above -5°C, the thawing injury in rapidly warmed cells is no more severe may suggest that after the cell has swollen to some extent the protoplasmic surface structure in most of the cells can expand back to normal form without any damage even if the expansion is fairly rapid.
